The progressive evaporation and condensation processes in a micro heat pipe, with which high heat fluxes at the liquid-vapor interface are associated, render it a device of high thermal conductance. By coupling the phase-change interfacial resistance model with a mathematical model based on first principles for fluid flow and heat transfer, the axial temperature variations of the liquid and vapor phases as well as those of other field variables are characterized and analyzed. The findings provide a well-defined exposition of the validity of uniform-temperature assumption for the liquid and vapor phases in the analysis of micro heat pipes. In conjunction with the acquisition of liquid and vapor temperature profiles, the heat transfer characteristics of the evaporation process can be analyzed. The local evaporative heat transfer coefficient and heat flux are evaluated. The results indicate that both heat transfer coefficient and heat flux are of considerably high values, confirming that the heat transport capability of a micro heat pipe is dominated by the phase-change heat transfer at the liquid-vapor interface.
Introduction
Benefiting from the phase-change heat transfer of its working fluid, micro heat pipe is a device of extremely high thermal conductance, and its effective thermal conductivity is typically multiple times that of the solid wall material. Owing to the demanding needs for electronics cooling and advances in miniaturization of electronic components, micro heat pipe manifests itself to be a very promising candidate for effective cooling of electronic equipment. Due to the difficulties associated with experimentation in a sealed microscale device like micro heat pipe, analytical investigations of the transport processes such as the fluid mechanics and heat transfer characteristics associated with the thermal performance of the device are of paramount importance. Since the initial conceptualization of micro heat pipe by Cotter [1] in the 1980s, a large number of analytical studies [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] have been undertaken over the past two decades. The investigation of the transport phenomena in micro heat pipes is considerably complicated, encompassing the fields of heat transfer, fluid mechanics, thermodynamics, as well as thin film evaporation and condensation characteristics. Most of the previous investigations are primarily devoted to the maximum heat transport capability in predicting the performance of a micro heat pipe, but studies on the liquidvapor interfacial transport phenomena which describe the phasechange processes, namely evaporation and condensation, are relatively scarce. The evaporation and condensation processes typically associate with high heat flux transport rate at relatively low driving temperature differences at the liquid-vapor interface. These liquid-vapor phase-change processes are of vital importance in predicting the performance characteristics of various twophase devices with capillary structures such as micro heat pipes. As pointed out by Swanson and Peterson [14] , it is crucial to understand the phenomena that control the behavior of the liquid-vapor interface in the modeling and analysis of micro heat pipes. The progressive evaporation and condensation processes occurring along the micro heat pipe's axis are usually critical to its overall viability, rendering it a device of high thermal conductance.
Numerous related works dealing with the thin film evaporative effects in capillary grooves have been reported [3, [15] [16] [17] [18] [19] [20] [21] [22] [23] . The liquid film is often divided into three regions, namely the nonevaporating film region, the evaporating film region, and the intrinsic meniscus. These investigations provide valuable information on the behavior of the meniscus and the evaporation mechanism from the meniscus, but little information can be derived on the heat and fluid flow characteristics in the axial direction. Ha and Peterson [24] and Catton and Stroes [25] developed analytical models of liquid flow and evaporation in grooved capillary structures by assuming that the capillary limit depends solely on the mass, momentum, and energy transport characteristics of the bulk fluid in the axial direction. The axial fluid flow is assumed to occur mainly through the intrinsic meniscus region, due to the relatively high resistance to flow in the interline region. However, information on the axial temperature distribution of the working fluid in a micro heat pipe is scarcely available in the existing literature. Coupling the conservation laws and Young-Laplace equation for capillary pressure, Khrustalev and Faghri [3] and Sobhan and Peterson [26] utilize the ideal gas equation of state to evaluate the longitudinal vapor temperature distribution of a micro heat pipe by assuming that the liquid temperature and the vapor temperature are the same. Deploying the Young-Laplace equation and the ideal gas equation of state, Sobhan et al. [27] solved the continuity, momentum, and energy equations for the liquid and vapor phases to yield the liquid and vapor temperature distributions in the axial direction of a triangular micro heat pipe. As pointed out by Khrustalev and Faghri [3] , the Clausius-Clapeyron equation should be used to relate the saturation conditions of the working fluid, instead of the ideal gas equation of state.
While numerous studies have captured the axial temperature distribution of a micro heat pipe by means of the solid wall temperature profile with the incorporation of the thermal effects of the solid wall [6] [7] [8] [9] [10] 12, 23] or the vapor temperature profile with the use of ideal gas equation of state [3, 26, 27] and ClausiusClapeyron equation [13] , characterization of the axial liquid temperature is relatively scarce. The present study is aimed to simultaneously characterize and analyze the axial temperature distributions of the three phases prevalent in a micro heat pipe, namely the solid wall of the pipe, the liquid phase, and the vapor phase of the working fluid. Coupled with the mathematical model derived previously [12] from the first principles for fluid flow and heat transfer, the relationships for the axial temperature distributions of the liquid and vapor phases of a micro heat pipe are formulated based on the phase-change interfacial resistance model [28] . With the acquisition of the axial liquid and vapor temperature profiles, the local evaporative heat transfer coefficient and heat flux can be evaluated. Imperative information is also obtained from the exposition of the validity of uniform-temperature assumption for the liquid and vapor phases in the analysis of micro heat pipes.
Statement of Problem and Mathematical Formulation
The current physical model of a triangular micro heat pipe is equivalent, in terms of cross-sectional area, to the trapezoidal heat pipe tested by Babin et al. [2] . The total length L of the micro heat pipe is 50.0 mm, encompassing an evaporator section of length L e ¼ 12:7mm, an adiabatic section of length L a ¼ 24:6mm and a condenser section of length L c ¼ 12:7mm. The cross section is an equilateral triangle of edges w equal to 1.04 mm, and the thickness of the solid wall, t s , is 0.14 mm. Based on the geometrical parameters defined in the Appendix, a one-dimensional mathematical model is developed from the first principles for the solid wall of the micro heat pipe as well as the liquid phase and vapor phase of its working fluid with the employment of several simplifying assumptions. Under steady-state operations, there exist a number of fundamental mechanisms that limit the maximum heat transport of a micro heat pipe. Since the basic working principles of both micro heat pipe and conventional heat pipe are very similar, they are virtually governed by the same operating limitations such as capillary, boiling, entrainment, sonic, and viscous limits. It has been shown by Babin et al. [2] that the capillary limit dominates the other operating limits and governs the maximum possible heat transport rate for a horizontal micro heat pipe. In this paper, we shall, therefore, be concerned with the capillary limit only. Axial conduction and convection in the liquid are ignored, so that at a given axial location, the heat transfer from the solid to the liquid is taken up as the latent heat of evaporation, and that the liquid-tosolid heat transfer is solely provided by the condensation of the vapor phase. Furthermore, the liquid and vapor phases are saturated and thus the condition of uniform temperature prevails for these two phases with constant thermophysical properties. However, the pressures and temperatures in the two phases are different due to the liquid-vapor interfacial resistance. The thermophysical properties of the working fluid [11] and the solid wall material [12] are important factors affecting the heat transport capacity of a micro heat pipe; nonetheless, for the sake of simplicity, only the combination of water and copper as the working fluid and solid wall material is considered for the present numerical results.
First-Principles
Model. The mathematical model employed in this paper consists of two coupled parts. The first part makes use of the model which was developed by Hung and Tio [12] based on conservation laws and the Young-Laplace capillary equation for a triangular micro heat pipe. The second part will be developed shortly based on an interfacial resistance model. Here, a summary of the model of Hung and Tio [12] will be presented, for the convenience of the reader and the purpose of showing a self-contained picture of the model of this paper.
Applying the principle of energy conservation to the solid wall and solving the resulting differential equation subject to adiabatic boundary conditions, the axial temperature distribution in the solid wall can be obtained as
where T l is the temperature of the liquid phase averaged over the length of the micro heat pipe, andx ¼ x=L is the dimensionless axial distance from the evaporator end. The constants k, H e , H c , C e , C a1 , C a2 , and C c are given in Ref. [12] . However, it should be noted that, collectively, these constants take into account the geometry of the micro heat pipe, the contact angle of the liquid phase on the solid wall, the thermophysical properties of the solid and liquid, the Nusselt number for the solid-liquid heat transfer, and the rate of heat transport _ Q of the micro heat pipe. Under steady-state operation, there is no mass accumulation at any cross section of a micro heat pipe and the principle of mass conservation can be stated as
where _ m is the mass flow rate of liquid and vapor through a cross section. Taking into account all interfacial stresses, gravity (for an inclined micro heat pipe), and pressure, differential equations for the liquid and vapor pressures can, based on the principle of momentum conservation, be obtained [12] . Moreover, making use of Eq. (2), these equations can be rewritten in the following dimensionless forms:
In Eqs. (3) and (4), s is the liquid volume fraction and is given by s ¼ A l =A; c and e are, respectively, the vapor-to-liquid ratios of kinematic viscosities and densities. The dimensionless pressurep and dimensionless mass flow ratem are defined aŝ
where A is the cross-sectional area of the micro heat pipe. The function C 1 s ð Þ is identical to the function F s ð Þ given in Ref. [12] ; the other two are
where the geometric constants C sl and C lv are as defined in the Appendix. The Poiseuille number is given by Po j ¼ f Re j , where the Reynolds number of a given phase is based on its hydraulic diameter, and f is the Fanning friction factor. The capillary number Ca, gravity number Ga, and Weber number We are, respectively, given by
Making use of Eqs. (3) and (4) 
where C 4 s ð Þ is identical to the function G s ð Þ given in Ref. [12] . The principle of energy conservation can be expressed as
where
Equation (12) can be integrated, subject to the "initial condition" m 0 ð Þ ¼ 0, to yield the dimensionless mass flow rate profile as follows:
The heat transport capacity _ Q cap is defined as the maximum possible load that a micro heat pipe can carry without the occurrence of dryout and flooding. A micro heat pipe optimally filled with working fluid and loaded with _ Q cap operates under the condition of simultaneous onsets of dryout at its evaporator end and flooding at its condenser end [5, 12, 29] , as depicted in Fig. 1 . These onset conditions must be satisfied in the integration of Eq. (11) . In this paper, this equation is integrated numerically using the fourth order Runge-Kutta method with a step size of 0.001 and subject to the "initial condition" of s 0 ð Þ ¼ s cl ¼ 0:0001, corresponding to the onset of dryout at the evaporator end [12] . To achieve the onset of flooding at the condenser end, the heat input _ Q for the integration of Eq. (11) is iterated in steps of D _ Q ¼ 1 Â 10 À4 W, until the condition s 1 ð Þ ¼ s fl is satisfied, where s fl is the liquid volume fraction corresponding to the onset of flooding and given by
The solution is considered convergent when the relative error between the new and old values of liquid volume fractions at x ¼ 1 satisfies the prescribed criterion of
The thermophysical properties in the present study are extracted from the monograph by Dunn and Reay [30] .
Interfacial Resistance Model.
Apart from axial conduction through the solid wall, a large portion of the heat applied to the micro heat pipe over its evaporator section is transferred to the liquid phase, which is confined to the corner regions by the action of surface tension, and is taken up as the latent heat of evaporation. At the condenser section, the vapor condenses and releases the latent heat of evaporation, which then flows from the micro heat pipe into the surroundings. Associated with the evaporation and condensation of the working fluid of a micro heat pipe is the continual axial variation of the liquid-vapor interface along its entire axis. As the liquid volume fraction at the evaporator section is less than that at the condenser section, the radius of curvature of the liquid-vapor interface at the evaporator is smaller than that at the condenser.
For phase-change processes in capillary structures, the liquid film across the cross section is often divided into three regions, namely the nonevaporating film region, the evaporating film region, and the intrinsic meniscus [15] [16] [17] [18] [19] [20] [21] [22] [23] . In the present study, the axial flow is assumed to be confined to the intrinsic meniscus region, in view of the fact that the resistance to flow in the interline region is relatively high. The liquid film thickness of the intrinsic meniscus is usually large enough that the variation of curvature of the liquid-vapor interface in the axial direction is attributable to capillary action. While the disjoining pressure plays a major role in driving the liquid flow in the interline region for cross-sectional flow, its role is relatively insignificant in the intrinsic meniscus for axial flow. In this paper, the disjoining pressure is therefore ignored in comparison with the capillary pressure, which drives the axial flow of the liquid. Coupling the mathematical model described in Sec. 2.1 with the phase-change interfacial resistance model [28] , the relationships for the temperature distributions of liquid and vapor phases in the axial direction of a micro heat pipe are formulated.
On a microscopic scale, the interfacial region of a liquid at saturation condition is very active, where the exchange of vapor molecules and liquid molecules continually takes place through evaporation and condensation processes. According to Carey [28] , when considering evaporation and condensation from the interface, it may be assumed that saturation conditions exist in the liquid and vapor phases but the pressures and temperatures in the two phases are different. From the kinetic theory, it has been shown that the interfacial mass flux can be expressed by the Hertz-Knudsen-Schrage equation as [31] 
where M is the molecular weight of the vapor and R is the universal gas constant. The accommodation coefficient a is a parameter of uncertainty. For more than three decades, the theoretical and empirical values of accommodation coefficient of water have scattered over a wide spectrum, ranging from 0.002 to unity, due to the complexity of the corresponding physical mechanisms [32] . In common practice with the majority of previous studies on micro heat pipes [3, 10, 14, 17] , the accommodation coefficient in Eq. (19) is set equal to unity, corresponding to perfect evaporation or condensation. As typical for the processes of evaporation and condensation, both liquid and vapor phases are considered to be maintained at saturated states, where p l and p v are the saturation pressures corresponding to T l and T v , respectively. The saturation temperature and pressure of the vapor are related by the ClausisClapeyron equation
where T bp is the boiling point temperature corresponding to the atmospheric pressure, p atm . It should be noted that the temperature or pressure is not fixed at any point along the axial direction.
Rewriting the interfacial mass flux in Eq. (19) in the form of flux per unit length of the micro heat pipe and making use of Eq. (12), we obtain
where the liquid temperature T l and vapor temperature T v are two unknowns to be determined. It is noted that Eq. (21) together with Eqs. (3), (4), (11), (14), and (20) forms a set of coupled nonlinear differential-algebraic equations. Before proceeding to the solution procedure, the corresponding boundary conditions for p l , p v , T l , and T v need to be developed. Taking the physical situation into account and making an initial guess of T v 0 ð Þ,p v 0 ð Þ, andp l 0 ð Þ are determined by using the Clausis-Clapeyron equation and Young-Laplace equation, respectivelŷ
The calculated value ofp l 0 ð Þ is then used to evaluate the numerical value of T l 0 ð Þ from the Hertz-Knudsen-Schrage equation
With the first set of the boundary values ofp l 0 ð Þ,p v 0 ð Þ, T v 0 ð Þ, and T l 0 ð Þ, the set of coupled nonlinear differential-algebraic equations is solved using the Runge-Kutta integration routines, to yield the liquid and vapor temperature distributions.
Under steady-state operating conditions without dryout and flooding taking place in the evaporator and condenser sections, respectively, there is no net heat transfer between the solid wall and the liquid phase as well as between the liquid phase and the vapor phase throughout the micro heat pipe. Therefore, the average temperatures of the liquid phase and the vapor phase must be identical and they must also be equal to the average temperature of the solid wall, so that
These average temperatures are adopted as the operating temperature of the micro heat pipe. The approximation process ofp l 0 ð Þ, (26) is fulfilled with a tolerance of 10 À5 C, and eventually the set of coupled nonlinear differential-algebraic equations are solved to yield the liquid and vapor temperature distributions.
3 Results and Discussion 3.1 Heat Transport Capacity. The heat transport capacity is one of the yardsticks that are used to evaluate the performance of a micro heat pipe. The numerical results of the present mathematical model can, therefore, be validated by comparing the heat transport capacity obtained analytically to experimental data. Figure 2(a) plots the heat transport capacity of the triangular micro heat pipe as a function of the operating temperature, the contact angle being a parameter. The experimental data reported by Babin et al. [2] for a copper trapezoidal micro heat pipe of equivalent cross-sectional area and filled with 3.2 mg of water are included for comparison. Both the numerical results and experimental data correlate well on the order of magnitude of the heat transport capacity, showing the same trend of heat transport capacity variation with the operating temperature. Albeit the same crosssectional area, micro heat pipes of different cross-sectional shapes are compared. It has been shown that the heat transport capacity of a micro heat pipe is very sensitive to its cross-sectional shape [7, 13] , and hence the order of magnitude agreement is sufficient to provide a sound validation of the theoretical model of the present study.
The heat transport capacity is dependent on the contact angle between the liquid and the solid wall. The contact angle with which the liquid-vapor interface touches the solid wall is assumed to be uniform throughout the micro heat pipe. It is commonly known that the wetting of solids by liquid is a complex phenomenon [33] and the variation of contact angle is affected by several factors, including the evaporation process and thickness of the evaporating film [34] , as well as the surface heterogeneity and roughness [28] . However, it is still instructive to investigate the effect of contact angle on the heat transport capacity. For different operating temperatures, the variations of the heat transport capacity are plotted with respect to the contact angle in Fig. 2(b) . The trend is similar to that presented by Tio and coworkers [5, 12] . The heat transport capacity increases from zero contact angle and achieves its maximum value when the contact angle is about 15 deg, beyond which further increase in contact angle reduces the heat transport capacity. The existence of the threshold contact angle is attributable to the balance between two opposite trends. An increase in contact angle results in an increase in the charge 112901-4 / Vol. 134, NOVEMBER 2012
Transactions of the ASME level to provide more working fluid in performing the task, but at the same time the capillary strength deteriorates. For small contact angles, the positive effect of increasing charge level, in response to an increase in contact angle, overrides the adverse effect of the diminishing capillarity. On the other hand, beyond the threshold contact angle, the capillary strength is so diminished that the increase in charge level cannot compensate for the further decrease in capillary strength, hence resulting in a decrease in heat transport capacity. In the absence of definitive and readily useful information on how the contact angle varies inside a micro heat pipe, in the present numerical calculations, the contact angle is set to be 15 deg, the threshold yielding the maximum heat transport capacity [5, 12, 13] .
Field Variables of Working Fluid.
From the phasechange interfacial resistance model described in Sec. 2.2, it can be noted that the temperature of liquid phase, T l , and the temperature of vapor phase, T v , are strongly coupled with the other field variables: pressure of the liquid phase, p l , pressure of the vapor phase, p v , mass flow rate of liquid, and vapor through a given cross section, _ m, as well as volume fraction occupied by the liquid phase, s. In order to compute the variations of the related field variables of the working fluid inside a micro heat pipe, the first step is to determine the liquid volume fraction s by solving Eq. (11) . At an operating temperature of 60 C, the resulting distributions of the liquid volume fraction and the meniscus radius of curvature of the liquid-vapor interface, r, are illustrated in Fig. 3 . The relationship between the meniscus radius of curvature and the liquid volume fraction is given by
where A is the cross-sectional area of the micro heat pipe's channel and -is an angular parameter (see the Appendix). As the evaporation and condensation of the working fluid induce continual variation of the liquid-vapor interface along the channel's axis, the liquid volume fraction decreases from the condenser section to the evaporator section and the meniscus radius of curvature at the evaporator section is less than that at the condenser section, creating the capillary pressure which serves as an agent for the circulation of the working fluid. The trend and order of magnitude of the distribution are in accordance with those presented by Khrustalev and Faghri [3] for a copper-water micro heat pipe. Figure 4 illustrates the variation of velocity of the fluid as it circulates inside a micro heat pipe operating optimally at 60 C. As expected, the vapor velocity is observed to be much higher than the liquid velocity, attributed to the density disparity between the two phases. Due to the mass addition and cross section reduction of the vapor phase, the vapor velocity increases linearly from the evaporator to the adiabatic section. A slope discontinuity of the vapor velocity occurs at the demarcation line between the evaporator and the adiabatic section. With mass depletion in the condenser, the vapor decelerates there. On the other hand, the liquid phase accelerates from the condenser end toward the evaporator and achieves its maximum velocity in the immediate vicinity of the evaporator end, where intense evaporation takes place.
During a steady-state operation of a micro heat pipe, there is no mass accumulation anywhere along the axial direction. This requires that the local mass flow rates of the liquid and vapor phases are equal in magnitude along the axial direction, as given by Eq. (2). Figure 5 (a) plots the profiles of mass flow rate along the axis of a micro heat pipe operated optimally at various temperatures. It is observed that the mass flow rate is kept to zero at both the evaporator end and condenser end and reaches its maximum value at the adiabatic section. As indicated by Eq. (12), the mass flow rate is a function of the temperature difference between the solid wall and liquid phase, which in turn is a function of the heat transport rate of the micro heat pipe. Consistent with the observation in Fig. 2(a) that the heat transport rate increases with the operating temperature, Fig. 5(a) shows that the local mass flow rate also increases with the operating temperature. The heat transport capability of a micro heat pipe is primarily limited by the capillary limitation which arises mainly from the incapacity of capillary pumping to drive the condensate from the condenser to the evaporator section. As two phase flow prevails in a micro heat pipe, the mass flow rate of the liquid and vapor phases would serve as a measure to characterize the circulation rate of the working fluid. The maximum value of the mass flow rate at the adiabatic section, _ m max , which takes place at the location where the temperature of the solid wall equals the temperature of liquid phase, can be a good indicator for the circulation rate of the working fluid. On the other hand, the average mass flow rate evaluated from its local counterpart
may serve the same purpose. Figure 5 (b) plots the maximum and average mass flow rates, as a function of the heat transport capacity. The trend that both the maximum and average mass flow rates increase linearly with the heat transport capacity indicates that the increase in the heat transport capacity of a micro heat pipe is predominantly attributed to the increase in the circulation rate of the working fluid. Figure 6 illustrates the axial variations of pressure for both liquid and vapor phases. It should be highlighted that, in most of the existing studies, the vapor pressure at the evaporator end is arbitrarily presumed to be the saturation pressure of the vapor at the operating temperature and the liquid pressure is related to the vapor pressure by the Young-Laplace equation [4, 6, 10] . In the present study, the boundary conditions are not predefined but determined based on the physical operating characteristics of the micro heat pipe where iterations are performed until the convergence criterion in Eq. (26) is satisfied. We observe from Fig. 6 that the vapor pressure decreases from the evaporator section to the condenser section due to frictional loss. However, the vapor pressure drop is indiscernible compared to that of liquid. Conversely, the counterflowing liquid's pressure decreases from the condenser section to the evaporator section. The liquid pressure drop is large near the evaporator end due to the large liquid-solid frictional forces resulting from the large liquid surface area in contact with the solid wall relative to the liquid cross-sectional area, as can be deduced from Eq. (3). The pressure difference at the liquid-vapor interface results in the capillary pressure, which serves as the agent driving the condensate back to the evaporator from the condenser. As observed from Fig. 6 , the capillary pressure manifests its maximum value at the evaporator end, where dryout starts to occur, and drops drastically, rapidly approaching an asymptotic value of zero, toward the condenser end. Figure 7 (a) shows the axial solid, liquid, and vapor temperature distributions of an optimally filled micro heat pipe operating at 60 o C. The thermal effects of the solid wall have been extensively studied and it has been found that the average of the solid wall temperature over the entire length of the micro heat pipe is simply its operating temperature [12] . In the present study, we focus primarily on the liquid and vapor temperature distributions. In Fig.  7(a) , we observe that the solid wall temperature drop between the evaporator end and condenser end amounts up to 5 C. Comparatively, the liquid and vapor temperature profiles appear to be more invariable along the axial direction. The magnified liquid and vapor temperature profiles are depicted in Fig. 7(b) . Both liquid and vapor temperatures are dependent on the liquid and vapor pressures, respectively. The vapor temperature is almost uniform in the axial direction of the micro heat pipe while a sharp increase of the liquid temperature is observed at the evaporator end, where dryout starts to occur. The vapor temperature drop from the evaporator end to the condenser end is relatively very small (compared to the operating temperature of 60 C) with a numerical value of 0:14 C. While the liquid temperature drop is higher than that of vapor, it is still considered to be quantitatively insignificant, with a numerical value of 0:56 C. The maximum value of the temperature difference between the liquid and vapor phases along the axial direction of the micro heat pipe is less than 0:4 C, which is considerably small relative to the operating temperature of 60 C (with a ratio of less than 0:7%), attesting that the interfacial thermal resistance of phase change is negligibly small. C. The corresponding capillary pressure variation is included. Figure 8(a) illustrates the liquid and vapor axial temperature drops for various operating temperatures. The temperature drops for both liquid phase and vapor phase decrease with the operating temperature. For an operating temperature of 100 C, the liquid temperature drop amounts to 0:33 C while the vapor temperature drop is extremely small, amounting to 0:024 C. In view of the small axial vapor temperature variation, it is not surprising that heat pipes are regarded as "isothermal devices" [35] . However, it is still useful to compare the liquid and vapor axial temperature drops with that of the solid wall. For this purpose, we consider the variations of the fractional temperature drop of the working fluid with respect to that of the solid wall, defined as Figure 8 (b) depicts this ratio as a function of the operating temperature for an optimally filled micro heat pipe. Both v ls and v vs decrease with operating temperature. In the operating range from 40 C to 100 C for the practical applications in electronics cooling, both liquid and vapor temperature drops are significantly smaller than the solid wall temperature drop. For the relatively high operating temperature of 100 C, v ls amounts to 2:82% and v vs is extremely small, amounting to 0:21% only. In such instances, where the temperature variations of the working fluid are comparatively negligible, the average vapor temperature can be reasonably regarded as the operating temperature of a micro heat pipe, a common practice in most of the existing literature [2] [3] [4] [5] [6] [7] . However, the average solid wall temperature has been proposed for the operating temperature [12] , which is more practical since it is much easier to measure the solid temperature than the fluid temperature. In the present model, based on the fact that there is no net heat transfer from the solid wall to the liquid phase and from the liquid phase to the vapor phase over the entire length of the micro heat pipe, all the three phases have the same average temperature (see Eq. (26)). Therefore, the contradiction in defining the operating temperature of a micro heat pipe has been resolved.
From the observation of small magnitude of axial temperature drop in both liquid and vapor phases, useful information can be derived for validating several assumptions made previously in the mathematical formulation of the present model. First, based on the fact that the temperature drop of the liquid phase is small, the assumption of employing a uniform liquid temperature as the operating temperature in Eq. (1) is justified. Second, the nearly constant liquid and vapor temperatures along the axial direction of the micro heat pipe are consistent with the assumption of uniform thermophysical properties of the working fluid, all evaluated at the operating temperature. Although the axial temperature variations of the liquid and vapor phases are much smaller than that of the solid wall, as illustrated in Fig. 7 , it should be noted that all three phases have the same average temperature, which is adopted as the operating temperature of a micro heat pipe. Finally, neglecting the axial conduction and convection terms in Eq. (12) is justified by the small liquid temperature drop along the axial direction.
3.3 Evaporative Heat Transfer Characteristics. As observed from Fig. 7 , the temperature difference between the liquid phase and vapor phase is small along the entire axis of the micro heat pipe, implying a large interfacial heat flux and, therefore, an effective heat transport between the two phases. The interfacial heat flux, _ q 00 lv , which is equal to the net mass flux across the interface multiplied by the latent heat, can be expressed as The corresponding interfacial heat transfer coefficient, h lv , is defined as
It should be noted that the equations associated with _ q 00 lv and h lv apply equally well to evaporation and condensation processes. In the following analysis, we only focus on the evaporation process taking place in the evaporator section of a micro heat pipe, in view of the commonly held axiom that the axial liquid and vapor flows are skew symmetric about the midpoint of a micro heat pipe [4, 8] . Averaging over the evaporator section, we obtain the average evaporative heat flux q 00 lv and the average evaporative heat transfer coefficient Figure 9 (a) depicts the local evaporative heat flux _ q 00 lv and local evaporative heat transfer coefficient h lv for a copper-water micro heat pipe operating optimally at 60 C. It is observed that the order of magnitude of the evaporative heat flux is consistent with those of the microgrooved heat pipes of previous investigations [20, 22] . Both _ q 00 lv and h lv show their maxima at the evaporator end,x ¼ 0, and then decrease along the axial direction. This trend is qualitatively comparable to that of the capillary pressure distribution in Fig. 6 . It should not be surprising that both _ q 00 lv and h lv amount to very high values, since the heat transport in a micro heat pipe is dominated by phase-change heat transfer. This, in addition to the small axial temperature drop, further justifies that the axial conduction and convection of the liquid phase can be neglected in the analysis. Figure 9 (b) depicts the corresponding local central thickness of the liquid film, D, inside the micro heat pipe. The dimension of the central liquid film thickness is illustrated in the inset of the figure and it is directly dependent on the liquid volume fraction. Based on the geometrical parameters given in the Appendix, the central liquid film thickness is given by
where j is a geometrical parameter which can be expressed as
As can be observed from Eq. (30), the interfacial heat flux of evaporation at any axial location is inversely proportional to the square root of the liquid volume fraction, s 1=2 , but is directly proportional to the interfacial mass flux per unit length, dm=dx, whose expression is given by Eq. (21) . At the evaporator end where the onset of dryout takes place, dm=dx takes on its largest value while the liquid volume fraction has its smallest, yielding the largest interfacial evaporation flux. As one proceeds from the evaporator end in the axial direction, dm=dx decreases but s increases, so that the rate of evaporation decreases. At the point where T l ¼ T v along the axial direction in the adiabatic section, dm=dx becomes zero, corresponding to the end of the evaporation process, as shown previously in Fig. 5(a) . As the heat transfer from the solid wall across the liquid film is dominated by heat conduction, we may write
Since the axial variation of T s À T v is relatively small compared to that of D=k l , the variation of _ q 00 lv is dominated by the variation of the liquid film thickness along the axial direction. Furthermore, the axial variation of the temperature difference between the liquid and vapor is also small. It follows from Eqs. (31) and (36) that the interfacial heat transfer coefficient and the liquid film thickness can be related as
As observed from Fig. 9 , D increases along the axial direction, but h lv decreases. In accordance with Eqs. (36) and (37), the largest interfacial evaporation flux and heat transfer coefficient take place at the evaporator end, where the liquid film is the thinnest, corresponding to the onset of dryout and imposing very little resistance to heat transfer. The variations of the evaporative heat flux and heat transfer coefficient with the operating temperature are depicted in Fig.  10(a) . Due to the fact that the heat transport rate of a micro heat pipe increases with the operating temperature, the average evaporative heat flux and the heat transfer coefficient across the liquidvapor interface also manifest themselves in a similar trend. In Fig.  10(b) , the average evaporative heat flux q 00 lv and average evaporative heat transfer coefficient h lv are plotted as a function of the contact angle h. Since the liquid volume fraction is a strong function of the contact angle, the evaporative heat flux and heat transfer coefficient are strongly dependent on the contact angle. It is observed that both the average evaporative heat flux and heat transfer coefficient increase as the contact angle is increased from zero until a threshold value of h is reached, beyond which q 00 lv and h lv decrease with an increasing contact angle. A similar trend has also been observed in Fig. 2(b) for the plot of heat transport capacity versus contact angle. However, as observed from Fig. 10(b) , the threshold contact angles for the average evaporative heat flux and heat transfer coefficient are different from each other and they also deviate from that for the heat transport capacity in Fig. 2(b) . As discussed earlier in Sec. 3.1, the existence of this threshold contact angle is due to the balance between two opposite trends: the charge level of the working fluid and the strength of capillarity.
Conclusions
The present analysis focuses on the heat transfer associated with phase-change processes at the interfacial region between the saturated liquid and saturated vapor inside a micro heat pipe. By coupling the steady-state first-principle model and the phasechange interfacial resistance model for an optimally filled micro heat pipe, the axial temperature distributions of the liquid phase and the vapor phase along the axial direction of the micro heat pipe are obtained. While the temperature drop of the liquid phase is higher than that of the vapor phase, both temperature drops are considered to be quantitatively small, compared to the temperature drop of the solid wall. Therefore, the common practice of assuming a uniform temperature for the working fluid is verified. Several assumptions made in the mathematical formulation of the present model are also validated. With the acquisition of the liquid and vapor temperature profiles, the local evaporative heat transfer coefficient and heat flux are evaluated. The high values of the heat transfer coefficient and the evaporative heat flux confirm that the heat transport capability of a micro heat pipe is dominated by the phase-change heat transfer at the liquid-vapor interface. The evaporative heat flux and heat transfer coefficient are also dependent on the operational and design parameters, such as the operating temperature and the contact angle of the meniscus with the solid wall. 
